Light-regime variability is an important limiting factor constraining tree growth in tropical forests. However, there is considerable debate about whether radiation-induced green-up during the dry season is real, or an apparent artifact of the remote-sensing techniques used to infer seasonal changes in canopy leaf area. Direct and widespread observations of vertical canopy structures that drive radiation regimes have been largely absent. Here we analyze seasonal dynamic patterns between the canopy and understory layers in Amazon evergreen forests using observations of vertical canopy structure from a spaceborne lidar. We discovered that net leaf flushing of the canopy layer mainly occurs in early dry season, and is followed by net abscission in late dry season that coincides with increasing leaf area of the understory layer. Our observations of understory development from lidar either weakly respond to or are not correlated to seasonal variations in precipitation or insolation, but are strongly related to the seasonal structural dynamics of the canopy layer. We hypothesize that understory growth is driven by increased light gaps caused by seasonal variations of the canopy. This lightregime variability that exists in both spatial and temporal domains can better reveal the drought-induced green-up phenomenon, which appears less obvious when treating the Amazon forests as a whole.
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Amazon | precipitation | phenology | forest structure | remote sensing L ight is regarded as the main limiting factor for tree growth in tropical rainforests (1) (2) (3) . High radiation exposure in gaps that result from tree fall in dense canopies can promote the growth of seedlings and juvenile trees, and this regeneration process is characterized by gap dynamic theory (4, 5) . Similarly, enhanced light availability during early dry season can increase canopy leaf area and total productivity of canopy and emergent trees, such as the seasonal greening-up phenomenon in Amazon forests (3, (6) (7) (8) .
However, conflicting observations from field and satellite data challenge the paradigm of light-driven growth. For example, the gap dynamic theory cannot universally explain the advance growth of shade-tolerant trees that dominate tropical forests (5, 9) . Most species when facing a tradeoff between high growth rate in large tree-fall gaps and survivorship in shade try to avoid either extreme (5, 10) . Adult trees with leaves high in the main and emergent canopy layer have direct access to high radiation loads for increased growth during the dry season. Whether this lightinduced greening-up phenomenon in the Amazon is real, or an artifact of passive optical remote-sensing techniques, is still in question (11) (12) (13) (14) (15) . Multiple studies, from both field surveys and remote-sensing observations, further suggest that water is the main constraint for forest growth during the dry season, and even mild drought can decrease the net carbon uptake with significant leaf abscission and high mortality rates, particularly in the southern Amazon (13, (16) (17) (18) (19) (20) .
Whereas temporal interactions among herbivory, environmental factors, and forest phenology, and their interannual variability may play a role in determining phenological state, exact mechanisms remain unclear (1, 16, 17) . For example, both increased total leaf area and enhanced leaf photosynthetic capacity may possibly contribute to the dry-season greening of the Amazon forests (1, 3, (6) (7) (8) . Wu et al. (6) suggest increases in capacity occur as old leaves are replaced by new leaves of higher light-use efficiency in the dry season, helping to explain ecosystem photosynthesis dynamics. A further possible explanation is the seasonal dynamics of vertical canopy structure in response to continuous changes of microenvironmental conditions. To explore this issue, we analyzed seasonal leaf area index (LAI) dynamics of both canopy and understory over intact Amazon forests using data from the Geosciences Laser Altimeter System (GLAS), onboard NASA's Ice, Cloud and land Elevation Satellite (ICESat) (21) . Lidar-based observations provide direct and accurate measurements of leaf area density for both the canopy and understory layer in tropical forests (22, 23) , and can also characterize multitemporal canopy structure dynamics (24) . Additionally, lidar does not suffer from potentially confounding artifacts in passive optical satellite images, e.g., resulting from variations in sun-sensor geometry (11, 12, 14) . We first mapped seasonal LAI changes of canopy and understory across three acquisition periods mainly in March, June, and October, respectively (Fig. S1 ). Next, we examined relationships between LAI changes and seasonal variations of two climatic variables, precipitation and solar radiation, over the Amazon as a whole, and within four different climate zones identified from monthly precipitation data (Fig. S2) . Finally, we quantified observed differences between canopy and understory LAI seasonally and investigated their potential interaction.
Results
Canopy LAI exhibited significant seasonal variations ( Fig. 1 A-C, Table 1 , and Fig. S3 ), the spatial pattern of which coincided
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Observations of field experiments and satellite imagery have led to a significant debate about light-driven growth of Amazon forests during the dry season. We help resolve these conflicts using observations from spaceborne lidar, and show that both canopy and understory have an opportunistic ecological response to the radiation and moisture regimes. Our research is placed within a consistent ecological framework that links gap theory, field-based studies, and the remote-sensing data record, and which illuminates mechanistic responses of the understory and canopy forming trees to changes in light and water. with the seasonal drifting of precipitation (Fig. S2 ) for all zones other than the western Amazon. Increases in canopy LAI (i.e., green-up) corresponded with the start of the dry season as it generally progressed from south to north. The pattern started in the southern Amazon from April to June and shifted toward the central Amazon from July to October, ending in the north from December toward March of the next year. However, the substantial gain of canopy foliage did not sustain throughout the entire dry season (the duration of dry season may exceed 6 months and overlap two GLAS acquisition periods). For the southern Amazon, the greening of canopy in the early dry season (from March to June; Fig. 1A ) was largely offset by loss of LAI (i.e., browning) in the mid to late dry season (from June to October; Table 1 (Table 1 and Fig. S2 ). The understory also shows a seasonal cycle (D-F) but with an opposite variation to canopy. Note the different scale bars between canopy and understory. Gray pixels represent areas where the observed mean LAI change is less than standard error for that cell (Materials and Methods). Fig. S2 ). The wet-to-dry season transition progresses seasonally from south to north (with the approximate seasonal start set in italics in Table 1 ), except for the western Amazon, which has no pronounced dry season compared with the other regions (17) . ‡ A height threshold of 10 m was used to separate understory from the canopy layer, and the understory defined here does not distinguish among young regenerating trees and lower canopy (Fig. S7) . § Canopy and understory LAI changes in individual climate zones were estimated from aggregations of corresponding 1°cells (*P < 0.05; the change observed is different from 0 in bold). The LAI change is expressed as the later period minus the earlier one (e.g., June − March).
The understory also exhibited a seasonal variation of LAI, but mostly in an opposing temporal pattern compared with the canopy layer ( Fig. 1 D-F, Table 1 , and Figs. S3 and S6), decreasing during the start of dry season. Increases in understory LAI mainly occurred in the middle or end of dry season when the shedding of canopy leaves was largely completed, as inferred by the negative changes in canopy LAI. The increases could also happen at the end of wet season but before the start of dry season (e.g., around 10°S, 55°W in Fig. 1F ). Although the magnitude of understory LAI changes was small (Fig. S7) , its relative change rate (i.e., percentage change to its annual mean) exceeded 50% for individual cells (Fig. S8) .
Significant relationships were observed between shifts in canopy LAI and climatic variables, similar to previous studies (8, 11) . Seasonal changes in canopy LAI showed a negative correlation with changes in precipitation (r 2 = 0.17, 0.15, and 0.05, respectively, for the three periods with all P <0.01), and a slightly weaker positive correlation with variations of solar radiation (r 2 = 0.08, 0.03, and 0.03, respectively, with all P < 0.01; Fig. S9 ). However, only a weak (r 2 ≤ 0.05) or insignificant relationship (P > 0.05) was found when relating understory LAI changes with either precipitation or radiation (Fig. S10) . In contrast, increases in understory LAI had strong negative correlations with the decrease of canopy LAI for all three periods ( Fig. 2 and Fig. S10 ).
Discussion
The spatial pattern of lidar-derived canopy LAI dynamics shows an increase of ∼5-8% during the wet-to-dry season transition, although the magnitude of observed changes varied geographically, with a maximum in the southern Amazon (Table 1 and Fig.  S3 ). These results support the hypothesis of dry season green-up within Amazon forests reported in previous studies (3, 6-8, 11, 14, 19) . Our changes are largely consistent with results from Wu et al. and Guan et al. (6, 19) 
Our analyses also reveal that seasonal change of canopy phenology corresponds with the spatial and temporal change of precipitation ( Fig. 1 and Fig. S9 ). These results support field studies that leaf flushing coincides with the increased light exposure at the early stage of the dry season (3, 6) . The loss of LAI of canopy leaves ( Fig. 1 A-C) during the middle or late dry season highlights the importance of water availability on leaf development as well, and supports the hypothesis that mild drought potentially may have a negative impact on forest growth when plant water deficits exceed critical thresholds (15, 17, 19) . Such is the example in the southern Amazon, where we observed a significant loss of canopy foliage during its 6-month dry season. We note that a similar lidar study over Amazon forests did not see these dynamics (12), because it used limited ICESat data from only one period (June and October), thus missing the pervasive spatial temporal variations in canopy and understory LAI present in the complete record.
The greening of understory at late dry season and its opposing seasonal variation with the canopy layer reveal a potential interaction between canopy and understory in the Amazon. We did not observe this interaction in dry forests outside the basin area where water is the main limiting factor (Fig. S8) . These results are consistent with previous findings that, in tropical rainforests, the growth of light-limited understory plants has a strong phenological preference for maximal irradiance conditions when the canopy layer is deciduous during the dry season (1, 25) . Our results also suggest that crown structural dynamics and associated changes in microenvironment on understory development may contribute a stronger influence than seasonal climatic variability in precipitation and radiation (2, 4, 26) . One potential explanatory mechanism may be that understory plants do not benefit from the increased insolation (i.e., top of canopy solar radiation) during the early dry season because most of it is intercepted by new canopy leaves with high light-use efficiency. Subsequently, understory plants and small trees grow with increased canopy gap openings either in the midlate dry season (after canopy abscission) or at the end of wet season (but before canopy flushing). Previous studies in dense tropical forests suggest that even a decrease of 5% in dry-season LAI can enhance the light reaching the forest floor by more than 50% relative to the wet season, although the absolute radiation level may still remain as low as 1% (27, 28) . Meanwhile, strong evapotranspiration from largely intact canopy allows the understory to maintain low water deficits by moistening the air at boundary layer (29) . The favorable microenvironment, combined from light and water conditions, therefore promotes the growth of understory in the late dry season as indicated by the increase of understory LAI in the Amazon.
This seasonal gap-creation growth hypothesis provides a complementary explanation for the growth of shade-tolerant and slowgrowing trees in tropical rainforests. It suggests that enhanced subcanopy radiation transmission caused by seasonal variations of the canopy layer (e.g., from sun flecks or enhanced diffuse light) may play a critical role in tropical forest regeneration in addition to large tree-fall gaps (5, 9, 28) . This is consistent with the strategy taken by tropical dry semideciduous forests, where partial crown cover may optimize seed germination and seedling establishment, balancing light requirements and water limitations (26, 30) . Most tropical forests are essentially semideciduous with abscission levels varying along moisture gradients (1, 30) .
Our results further suggest that Amazon forests may optimize phenological processes with an anticipatory response to reliable environmental factors (1), such as regular seasonality. The largescale LAI dynamics we observed with lidar agrees with the conceptual leaf turnover hypothesis and field studies that trees maximize the carbon gain by flushing new leaves of high photosynthetic capacity at the end of the wet season, and reduce the respiratory loss by dropping old leaves before water stress during the dry season (1, 6, 27, 28, 30 ). Further examination of these Relationship between seasonal understory and canopy LAI changes across Amazon forests. Strong and consistent negative correlations are found across all climate zones throughout the seasonal cycle (dashed line generated from an ordinary least-squares model), suggesting the abscission of crown structure plays a fundamental role on understory development across Amazon forests (Fig. S11 ).
processes will require a more thorough and precise characterization of vertical canopy structure at finer temporal and spatial scales, potentially available from terrestrial and airborne lidar, as well as future spaceborne lidar missions (31) .
Materials and Methods
ICESat-GLAS Lidar Analysis. The GLAS instrument on board ICESat is a 1,064-nm full-waveform lidar sensor widely used for measuring vertical forest structure and aboveground biomass. It records forest structural information by sampling the Earth's surface in transects using footprints at ∼65-m-diameter footprints (32) . The along-track distance between footprints is 175 m and the between-track distance is about 30 km at the Equator. Vertical LAI distribution can be derived from the waveform based on a Geometric Optical and Radiative Transfer model (22, 33, 34) . The performance of the lidar-LAI model has been validated over several sites that represent major forest types around the world (22, 23, (35) (36) (37) . In the model, we used a seasonally averaged reflectance ratio (i.e., leaf reflectance/litter reflectance) of 1.03 to rule out the possibility of reflectance-driven increases in LAI during the dry season [reflectance data were adopted from a previous study (12); Table S1 ]. We did not consider the variation of clumping conditions within the canopy, and thus calculated effective LAI only (not true LAI) consistent with radiation-interception-based indirect measurements, such as from LAI-2000 instruments, hemispherical photos, and most remote-sensing techniques (38, 39) . We did not use the waveform centroid relative height (WCRH) applied in a previous lidar study (12) , because WCRH is not a direct measurement of canopy cover but an approximation, primarily designed to assess the surface roughness of Shuttle Radar Topography Mission (SRTM) data (40) . We used a GLAS dataset reprocessed from the standard GLA14 lidar data over Amazon forests from laser operation campaigns between 2003 and 2006. The campaigns covered the Amazon area over three periods: late February to March, late May to June, and early October to November (Fig. S1 ). The reprocessed GLAS data separated the recorded laser signal between ground and vegetation with up to six Gaussian fits (Fig. S1 ), eliminated most spurious observations, and were largely free from cloud contamination, signal saturation, or slope effects (41) . Specifically, we applied the following thresholds to select high-quality GLAS footprints: (i) SRTM slope <10°; (ii) amplitude of the ground Gaussian fit >0.05 (volt), and (iii) area of the ground Gaussian fit >1 (volt × nanosecond). We also excluded the entire L2c campaign from analysis because its low laser power could fail to penetrate through dense canopy (Table S2 ). The remaining nine laser campaigns largely captured seasonal variation conditions across different parts of the Amazon (Fig. S1 ). Both a wetland/inundation map (42) and an MODIS land cover map (43) were applied to select footprints over evergreen broadleaf forests only. We also excluded nonforest footprints from further analysis based on the International Geosphere-Biosphere Programme (IGBP) forest definition (44) : canopy height greater than 5 m and total fractional cover greater than 0.3. This resulted in 919,492 footprint level measurements of LAI that were then averaged within each 1°cell with a minimum footprint number requirement of 40 for each seasonal GLAS acquisition period (Figs. S1 and S2). Finally, seasonal mean LAI changes in canopy and understory were calculated among the three periods (the later period minus the earlier one). To examine if there was any sampling bias at 1°cell resolution, we also analyzed temporal LAI dynamics of canopy and understory by averaging ICESat footprints in a given observation campaign over climate zones (Climate Data Analysis) (Fig. S3) .
Sensitivity Analysis of GLAS LAI.
We assessed the measurement error of GLAS by comparing the derived LAI data set with high-quality airborne lidar data acquired from NASA's Laser Vegetation Imaging Sensor (LVIS) (45). We could not quantify such error directly from comparisons of ground measurements because there was no spatially overlapping field survey available during the GLAS acquisition periods. We estimated the total measurement error by propagating LVIS measurement error to GLAS footprint level as follows:
The measurement error of LAI profile from individual LVIS shot showed no significant bias and had a σ LVIS = 1.36 m 2 /m 2 in comparison with destructively sampled field data in a tropical rainforest (22) . The standard error of the mean (SEM) of LVIS LAI measurement averaged over a GLAS footprint were thus quantified as
where N LVIS is the number of LVIS shots falling within a GLAS footprint. The SEM for GLAS LAI values at 1°cells (σ avg_GLAS ) were estimated to be <0.12 and 0.08 m 2 /m 2 for canopy and understory, respectively. They were calculated as
where N GLAS is the number of GLAS footprints within a given cell [the minimum N GLAS is 40 ( Fig. S1) ]. The standard error for the mean LAI difference in a cell was then found as a function of the sample variances and σ avg_GLAS . Cells with seasonal mean LAI difference less than this standard error were masked gray in Fig. 1 .
Climate Data Analysis. We analyzed impacts of two climatic variables, precipitation and solar radiation, on seasonal changes of lidar observed canopy and understory LAI. Monthly quarter-degree precipitation data from Tropical Rainfall Measuring Mission (TRMM Product 3B43) were averaged to 1°be-tween 1997 and 2015 (46) . The maximum values of monthly mean 1°radi-ation data were obtained from Clouds and the Earth's Radiant Energy System (CERES Product EBAF-Surface_Ed2.8) between March 2000 and June 2015 (47) . We calculated the normal monthly conditions by averaging multiyear measurements. Seasonal changes in precipitation and radiation were then calculated among the three lidar operation periods (Fig. S1 ).
We followed the dry season definition used in a previous study (8) with months having precipitation <100 mm or less than one-third the annual precipitation range. Pixels with monthly minimum precipitation >150 mm were classified as areas with no seasonality. The climate zones were classified according to the starting time of dry season: April to June in the south, July to September at the center, and October to March in the north (Fig. S2) , and showed similar spatial variations of dry season in Amazon forests identified by previous studies (17, 48) . We applied regression analysis between changes of climate data and LAI over the entire Amazon area for all seasons (Fig. 2) , as well as for each individual period (Figs. S9 and S10).
